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The temporal behavior of the lower polariton (LP) distribution in the reciprocal space, n; p(k), and formation of
long-range spatial coherence are investigated in a nonequilibrium incoherent LP fluid generated resonantly with
picosecond optical pulses at 2 K in a high-Q planar GaAs/AlAs microcavity with 12 InGaAs quantum wells. The
dynamics of npp(k) is found to be independent of excitation density and well described within the framework
of linear Schrodinger equations taking into account random potential disorder, §Eyp, and finite lifetime of LPs,
up to LP density np(t =0) =7 x 10'° cm~2 (3.5 orders of magnitude greater than the threshold density of
Bose-Einstein condensation for LPs). This is explained by the smallness of the ratios of LP interaction energy to
both the mean kinetic energy and potential disorder. The contribution of interparticle interaction to the formation
of spatial coherence in the LP fluid is insignificant at E;,, < §ELp, but becomes noticeable already at E;, ~
0.28F; p, despite the fact that its effect on the k distribution of LPs remains insignificant. Coherence length L, in
LP fluid with n p(r = 0) = 2 and 7 x 10'© cm™2 in the region with §E p = 0.15 meV att = 160 ps increases to
4.1 and 5.3 um, respectively, whereas in an incoherent Bose gas with the same nyp(k) it is equal to 3.6 um.

DOLI: 10.1103/PhysRevB.109.085423

I. INTRODUCTION

The unique properties of semiconductor microcavities
(MCs) offer a way for experimental observation of exciton-
polariton condensate in a wide temperature range up to room
temperature [1-16] which opens up enormous opportuni-
ties both for fundamental research in many-body physics
and for technological applications. The polaritons formed
during the light-exciton interaction in the regime of strong
exciton-photon coupling are ultralight boson quasiparticles
with effective mass mip < 10™*m,. They exhibit coherent
properties at relatively low densities of about 10’ cm™2 at
T =2 K and 10° cm~? at room temperatures [17]. The mag-
nitude of their interparticle interaction can be easily controlled
by changing detuning of the exciton and photon modes in the
MC [18,19]. The presence of a photonic component makes it
possible to use optical methods not only to form nonequilib-
rium polariton condensates with desired properties but also to
control transitions between them on the micron and picosec-
ond scales.

The unambiguous relationship between the wave vector
and energy of the emitting polariton and the emitted light
quantum allows us to measure the momentum and energy
distributions of polaritons, and to get a complete picture of the
dynamics of many-particle interactions using various optical
methods. Flexible control of a polariton system enabled by the
dual exciton-photon nature of polaritons holds much promise
not only for fundamental research in many-body physics, but
for their use in all-optical devices [20-24].

By now condensation of cavity exciton polaritons on the
lower polariton (LP) branch has been extensively studied us-
ing resonant excitation of excitonlike LPs at large lateral wave
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vectors and interband excitation generating hot electrons and
holes in quantum wells [1-8,10,17,25-29]. In these investi-
gations the polariton condensate on the LP branch is formed
within several tens of picoseconds after picosecond pumping
with a density above the critical value. Relatively short times
of condensate formation are achieved by bosonic stimulation
of the exciton scattering from the excited dense long-lived
exciton reservoir into the condensate state after reaching the
quantum degeneracy of the LP states at the LP band bottom
[30-33]. The LP spatial coherence was found to expand with
a high velocity of ~108 cm/s [25,29]; however, the coherence
length L. in the investigated condensates does not exceed
several tens of microns. The main reasons for condensate
decoherence are the potential disorder and interaction with the
exciton reservoir [34-36]. The disorder can lead to formation
of a Bose-glass insulating phase in which LP condensates in
different traps become phase locked [37—40].

Condensate decoherence was found to drastically decrease
in the case of all-optical trapping of polaritons via shaping
the nonresonant pump profile [11,16,41-44] or direct resonant
coherent excitation of LPs with picosecond pump pulses at
the normal to the MC plane, when the exciton reservoir re-
mains empty [45,46]. In the last case the first-order spatial
correlation function g((r;, r,) [47,48] in the excited con-
densate is nearly independent of the excitation density and
remains high until the polariton blueshift gets comparable to
the characteristic amplitude of the disorder potential §Eyp.
The disorder causes short-range phase fluctuations as well
as vortex formation but still has little effect on the overall
coherence.

In the absence of an exciton reservoir, the energy relaxation
time of nonequilibrium free LPs increases strongly; there-
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fore, studies of LP condensation in a pure polariton fluid
became possible only after the advent of high-Q MCs which
ensured LP lifetime of typ > 100 ps. The first experiments
of optical trapping of polaritons were carried out with LPs
in exciton-free annular optical traps realized using nonres-
onant excitation of a dense excitonic reservoir in a ring of
about 20 wm in diameter [41,42]. The reservoir creates a
two-dimensional (2D) repulsive potential necessary to confine
escaping LPs inside the ring of 10 um. The decreased interac-
tion of LPs with excitons was found to lead to a pronounced
narrowing of the condensate emission line [41]. Sun et al. [42]
reported that T p = 270 ps is sufficient for LP thermalization
in such a trap at 7 = 20 K in the case of continuous excitation
below the LP condensation threshold. However, it should be
noted that the de Broglie wavelength of LPs with energy
Exin = 1 meV localized in the trap of 10 um is comparable to
its diameter. Therefore, their properties are strongly affected
by the interaction with the exciton reservoir in the photoex-
cited ring [49-52] and, in addition, by their localization.

In this paper, we study time evolution of a nonequilibrium
incoherent really free polariton fluid excited resonantly in a
planar GaAs/AlAs MC with a relatively small LP disorder
potential §Erp = 100-300 peV in the absence of both an
exciton reservoir and potential barriers. The fluid with den-
sities of LPs up to n p ~ 10" cm™2, which is much higher
than the critical value for their condensation, was resonantly
excited in a spot with a diameter of 100 wum in a wide range
of wave vectors 2|k| < 2.5 um~! using incoherent converg-
ing picosecond optical pulses at 7 =2 K. The lifetime of
LPs in the investigated MC t1p ~ 170 ps made it possi-
ble to study their dynamics in real and reciprocal spaces
within 1.5 ns.

The temporal evolution of the momentum distribution of
LPs, n p(k), in an excited spot was found to be completely
determined by elastic scattering on the disorder potential.
At the initial stage the runaway of high-energy LPs outside
the excited region leads to a rapid decrease in the average
kinetic energy (Eyi,) of LPs remaining in the excited spot.
This stage is over in about 100 ps when the LP fluid expands
to dimensions of the order of the LP mean free path. After
that, not only the average energy of LPs, but also their k
distribution quickly stabilizes despite the fact that it is still far
from thermal equilibrium. The magnitude of (Ey,) att > 1 ns
was found to decrease nearly linearly with §Eyp.

To study the formation dynamics of spatial coherence in a
photoexcited polariton system, we measured the time depen-
dences of the first-order correlation function g(l)(rl , I, 1 =
t, =t) of polariton emission using time-resolved measure-
ments of the interference of light emitted from different points
on the sample. The coherence length L. was determined from
the condition that g’ = 1/e at the point A|r| = L.. The
increase in g in the decaying LP fluid is connected with
decrease in (Eyi,) due to increase in the de Broglie wavelength
of polaritons, (Ap), and with the suppression of the ampli-
tude and phase fluctuations due to interparticle interaction.
To separate the contributions of these effects, the measured
dependences of g(A|r|, t) were compared with the depen-
dences g"*(Alr|, t), calculated for an incoherent Bose gas
with a measured distribution of LPs in momentum space at
the corresponding 7.

It has been established that in LP fluids with Ejp <
0.058ELp the increase in g'!) after the end of the exciting pulse
occurs mainly due to the increase in (Ag) due to the narrowing
of LP distribution in k space. The influence of LP-LP interac-
tion on the formation of long-range spatial coherence in the
LP fluid excited in the MC region with 6Erp = 0.15 meV be-
comes significant at nyp(f = 0) = 7 x 10'° cm~2, when Eiy
is about 0.28 E p. The coherence length in this fluid increases
due to partial suppression of amplitude and phase fluctuations
att = 160 ps from 3.6 to 5.3 um, and g at 18.5 um increases
from 0.01 to 0.08.

Simulation of the dynamics of resonantly excited in-
coherent LPs was carried out with the one-dimensional
Schrodinger equation with a random potential. All the main
qualitative features of the experimentally studied polariton
dynamics were found to be well reproduced within this simpli-
fied approximation in comparison with the two-dimensional
picture in the experiment. We want to stress that the ob-
tained values for disorder in the effective polariton potential
landscape should be considered as qualitative estimations
only.

II. EXPERIMENTAL DETAILS

The structure in question was a 2A-GaAs/AlAs MC
grown by molecular beam epitaxy on a GaAs substrate
with [100] orientation. The MC contained four sets of three
Ing05Gag 9sAs quantum wells 10 nm thick separated by 10-
nm-thick GaAs barriers. The upper (lower) Bragg mirror
consisted of 25 (29) pairs of AlAs and GaAs, which en-
sured a high quality factor of the MC. The Rabi splitting
R = 7.5 meV [53-55].

The resonant excitation of the LP fluid was carried out by a
mode-locked Ti-sapphire laser generating periodic (80-MHz)
pulses with duration 1.5 ps. To break the coherence of the
laser beam, we used a 15-m multimode fiber with a core
diameter of 400 um twisted into ten figure-8 loops. The 1.5-ps
laser pulses were focused on its input. The 10-ps light pulses
coming from the fiber contained a large number of waveguide
modes emerging at different angles to form a moiré pattern. To
average the moiré pattern in the spatial and angular distribu-
tions of the radiation intensity, we used waveguide vibration
at a frequency of 50 Hz, which led to a random change in the
outgoing waveguide modes during recording of the spectra.
The laser pulses were focused along the normal to the MC (z
axis) into a 100-um spot with a near top-hat intensity profile
on a sample placed in an optical cryostat in superfluid He at
T = 2 K. The coherence length of the laser in the excited spot
also measured by the interference technique described in [45]
did not exceed 2.0 um.

The resonant excitation of polaritons was carried out at
energy hw, = 1454.1 meV = Erp(k =0) +0.2 meV, ie.,
approximately 4 meV lower than exciton energy Ey, which
made it possible to completely avoid excitation of the exciton
reservoir. To excite LPs in a wide range of wave vectors, we
used light beams converging in a wide range of angles 2|@®| <
22°. Light pulses with a large aperture and spectral width gen-
erated nonequilibrium polariton fluids with 2[k| < 2.5 um~!.
The LP emission was registered from the central region of
an excited spot of 30 x 30 um?. Since the LP emission was
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located in the transparency region of the GaAs substrate, it
was recorded from the back side of the sample, which made
it possible to avoid the contribution from the scattered excita-
tion pulse. The time-resolved emission spectra were measured
with a streak camera at time intervals of 450 and 1600 ps
with a time resolution of 6 and 21 ps, respectively. They
were recorded with an angular resolution of 0.5°, providing
a resolution in the k space of ~0.07 um~'.

To measure the dynamics of the spatial coherence of the
photoexcited LP fluid, we performed a time-resolved double-
slit Young experiment [53]. The central part of the excited spot
was imaged at factor 30 magnification on a light-absorbing
plate with two pinholes. The interference pattern of the LP
radiation coming from the sample sections separated by two
pinholes was formed on the slit of a streak camera and
recorded with a time resolution of 6 ps. The spatial coher-
ence function g(l)(xl, X,) was extracted as the visibility of the
interference pattern g(l)(xl’ XZ) = (Imax - Imin)/(lmax + Imin)
where I, and I, are minimal and maximal intensities
within one period of interference pattern, averaged over all
the observed periods.

III. DYNAMICS OF k DISTRIBUTION OF LOW
POLARITONS IN AN EXCITED SPOT

Spatial width and In content fluctuations in quantum wells
inevitably lead to corresponding fluctuations in the LP reso-
nance energy. Due to the variability of the disorder potential
along the sample, the LP emission intensity / p(r) in the
sample and its angular distribution of /i p(®) changed as the
exciting pulse beam moved along the sample. The amplitude
of spatial fluctuations in I p(r) in the sample under study,
recorded with a spatial resolution of 1.5 um, reached 50-90%.
However, in the sample there were several areas up to 200 um
in size, in which spatial intensity fluctuations did not exceed
15-20% [53].

Figure 1 illustrates a typical time evolution of the spa-
tial and angular distribution of LP emission from the areas
with fluctuations within 20%. They were recorded from the
central regions of 30 x 3 and 30 x 30 um~2, respectively,
of a spot with a diameter of 100 um excited resonantly
by incoherent 10-ps pulses converging in a wide range of
angles 2|®| < 15° at fiw, = E;p(k =0) + 0.2 meV. Fig-
ure 1(a) demonstrates that the spatial fluctuations of the
emission intensity of LPs (t = 10 ps) generated in this re-
gion and, hence, LP densities do not exceed 20%. With
increasing delay time relatively small variations in 7pp(x)
are observed, which indicates an absence of deep potential
traps for LPs in the selected region, hereinafter referred to as
region A.

The temporal evolutions of distribution Iip(k,) at two
pump densities W, = 6 and 0.6 nJ/pulse recorded from the
narrow strip in the reciprocal space |ky| < 0.1 um~! are
shown in Fig. 1(b). The excited LP densities n p are equal
to (7£1)x 10" and (74 1) x 10° cm™2 at W, =6 and
0.6 nJ/pulse, respectively. They were determined from the
measured powers of integral LP emission Wip = 140 and
14 uW, respectively, as nip = Wip/ELpSf,, where S is the
area of the excited spot and f, = 80 MHz is the pulse
repetition frequency. These LP densities are three to four
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FIG. 1. Time evolution of the spatial (a) and angular (b) distri-
butions of LP emission from the central 30 x 3 and 30 x 30 um~—2
regions, respectively, of the photoexcited spot with a diameter of
100 um measured in MC region A. The time dependences of the LP
emission intensity from a range of 30 x 30 um~2 and from a widened
range 300 x 30 um~2 at W, = 6 nJ/pulse are shown in (c) and in the
inset in (c), respectively.

orders of magnitude higher than the threshold one for the LP
condensation in the excited L = 100 x 100 umz spot at 2 K,
ALP.thr = 107 cm™2.

Figure 1(b) shows that the normalized temporal evolutions
of Ip(k,) at W, = 6 and 0.6 nJ/pulse nearly coincide, de-
spite the tenfold difference in the excited npp values. The full
width of I p(k,) at half maximum in the excited LP fluid is
Ak(t =10 ps) = 1.5 £ 0.1 um~!. It decreases rapidly in the
first 100 ps, which indicates rapid cooling of the nonequilib-
rium LP fluid in the excited spot. The average kinetic energy
of the excited LPs, (Eyi,), determined from the dependence
L p(k,)att < 10 ps using the dispersion law Erp(k) = [Ex +
Ec(k)1/2 — {[Ex — Ec(k)> + R?}/2 is equal to 0.4+
0.02 meV. It decreases to 0.33 &= 0.02 meV within the first 100
ps. Att > 100 ps, the narrowing of /j p(k, ) and, consequently,
the decrease in (Eyj,) slow down significantly: during the next
100 ps the decrease in (Ey,) is about 0.03 meV, and then
during 1 ns (Eyi,) lies within 0.28 £ 0.03 meV. Note that this
(Exin) 1s 1.7 times greater than (Ey;,) even in Boltzmann gas
with Tip = 2 K.

The rapid cooling of the LP fluid in the excited 100-um
spot immediately after the end of the pump pulse is due
to the runaway of the high-energy LPs outside: in the ab-
sence of scattering the velocities of LPs v p(k > 0.6 um~!) =
hk/myp > 1 um/ps. The runaway of the high energy LPs
explains also the highly nonexponential decay of I p(¢) from
the excited spot. It is seen in Fig. 1(c) that the decay time of I p
att < 50 psis less than 90 ps, and only at¢ = 150 ps the decay
of I p(t) becomes exponential with T &~ 170 ps corresponding
to the lifetime of the LPs in the MC.

Figure 1(b) shows that the half width of I p(k,) at half
maximum Ak, /2 &~ 0.4 um~! remains up to 1 ns, although the
runaway time of the nonscattering LPs with k, ~ 0.4 um~!
beyond the 100-um spot is less than 150 ps. Therefore, it is
natural to assume that the main reason for the sharp slowdown
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FIG. 2. Experimental dependences of Ak, () measured at a fixed
aperture of the exciting pulse 2|®| < 15° 2[k| < 1.8 um™!) from
several MC regions (a) and at several 2|@®| in the range between 5°
and 22° from region A (b).

in the narrowing of the k distribution of LPs at + > 150 ps
is their scattering. The coincidence of the time evolutions of
Lip(k,) at W, = 6 and 0.6 nJ/pulse indicates that the effect
of interparticle scattering of LPs on their dynamics is negli-
gible even at njp = 7 X 10'° ¢cm~2. This is due to the small
magnitude of the LP interaction energy Ei, = anip in the
investigated MC with 12 quantum wells in the active range.
The polariton-polariton interaction constant « is as small as
(4.5 £0.5) x 1073 meV/cm? because of the distribution of
excitons in 12 quantum wells [56]. The magnitudes of Eiy
and (Eyi,) in the generated fluid at n p = 7 x 10'° cm~2 are
equal to ~30 and 400 peV, respectively. With increasing de-
lay time Ej, in the excited spot decreases about three times
during the first 100 ps and then decreases exponentially with
p & 170 ps whereas (Eyi,) decreases in the first 100 ps only
by about 30% and then remains nearly constant. As a conse-
quence, the ratio Ejy /(Exin) decreases from ~0.06 att = 0 to
less than 0.03 at # > 100 ps. Therefore, we assume that the
LPs are mainly scattered by the disorder potential caused by
random fluctuations in the widths and the In concentration in
InGaAs quantum wells.

This conclusion is supported by analysis of the behavior of
Ak,(¢) in LP fluids generated at fixed angle aperture in MC
regions with different spatial fluctuations of / p(r) and in one
MC region at different angle apertures of the exciting light
beam. Figure 2(a) compares the dependences Ak, (t) in the
fluid in region A, in which spatial fluctuations of the 7 p(r)
are within 20%, with Ak,(¢) in regions B and C, in which
intensity fluctuations are less than 15% and more than 30%,
respectively, in the case of excitation by pulses with the same
aperture. It shows that in all the regions the pulses generate
fluids with very similar Ak, whereas the difference in Ak,

established at large #, Ak*, in the small and large disorder
regions, reaches nearly 20%.

In contrast, Ak* in the fluids generated in the same
MC region is nearly independent of the pulse aperture until
Ak.(t = 0) > Ak*. Figure 2(b) shows that Ak* decreases less
than 4% when Ak,(t = 0) changes three times, from 0.78
to 2.2um~'. At small pulse apertures when Ak, (t = 0) <
Ak* ~ 0.8 um~!, the magnitude of Ak,(t) remains nearly
constant, which indicates that the mean free path of LPs with
k< Ak*/2=0.4 yum™! (Egn ~ 0.1 meV) is of the order of
the excited size D = 100 um. This conclusion agrees well
with the small difference in the decay times of I p in the
excited spot at =~ 100 ps and large delay times, 71 p &~ 150
and 170 ps, respectively.

IV. MOMENTUM SCATTERING TIME
OF LOW POLARITONS

More information on momentum scattering time of LPs, 1,
can be obtained from comparison of the temporal evolution of
I p(k,) measured under pumping in a full light cone 2|@®| <
22° (2]k| < 2.5 um™!) and in half cones ®, <0 and >0
(sections with k, > 0 and <0, respectively). Figure 3 shows
the corresponding dependencies I p(k,) measured for several
delay times at fiw, = Erp(k = 0) + 0.2 meV in MC region
C. It is seen that the fraction of LP radiation in the unexcited
region k, monotonically increases with #: it is 1.5 orders of
magnitude smaller than in the excited region at t = 10 ps
and exceeding it slightly at # > 100 ps. The scattering of LPs
into the unexcited k, region leads to a faster decrease of their
density in the excited k, region; the sum of I p(k,) measured
under pumping at k, > and <0, as expected, coincides with
I p(k,) under pumping by pulses with a full angle cone.

In order to estimate the values of t;(k) from the experi-
mental dependences I p(k,, ) measured under excitation of
LPs in a half light cone, we considered that elastic scattering
of LPs on the disorder potential occurs without chang-
ing |k|. As a consequence, the ratio pi(k,t) = [l p(k,t) —
Ip(—k,t)]/Up(k,t) + ILp(—k,t)] in one-dimensional ho-
mogeneous LP fluids decreases exponentially with decay time
T /2:

p(k, 1) = pr(k, t = 0)exp[—2z/7i(k)]. ey

The dependences I p(k,,t) are measured in a quasi-2D
fluid in a very narrow range of |k,| < 0.1 um~'. The angular
distribution of elastically scattered LPs is random. Formula
(1) in this case satisfactorily describes pr(k,,t) for k, >
lky] = 0.1 um~!. Another limitation is related to the finite size
D = 100 um of the excited LP fluid as formula (1) is valid
only in the limited range of k and ¢ satisfying the condition
vLpt = Bkt /mp < DJ2,1e., att < 25 and 50 ps for LPs with
k, = 0.8 and 0.4 um~', respectively.

Figure 4 shows the ratios pi(k,, ) at ¢ < 50 ps extracted
from the dependences I p(k,, t) recorded under pumping by
light with k, > O for MC regions A and C. It is seen that the
dependences p(t) are well described by formula (1) only in
the range of small 7, less than ~30 and 42 ps for LPs with
|ky| = 0.8 and 0.4 um~', respectively. The sharp decrease in
pr at longer times is caused by the depletion of the influx
into the investigated central 30-um region of LPs with k, > 0
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FIG. 3. Time evolution of the angular distribution of LP emission
from the central region of 30 x 30 um~2 of a photoexcited 100-um
spot measured in region C under pumping in a full angle cone
2|10 < 22° (21k| < 2.5 um™") (black solid line) and in half cones
®, < 0 (dotted line) and >0 (dashed line) (sections with k, > 0 and
<0, respectively).

excited to the left on it. The extracted values of t; in region A
are equal to 98 & 7 and 128 & 7 ps at |k,| = 0.4 and 0.8 pm~!,
respectively. These 7; values correspond to mean free pass
Ip(k) = vppti(k) &~ 65 and 175 um, respectively. In region C
with a greater disorder they are by about 10% smaller. Such
values of /i p explain both the observed quasistabilization of
the LP distribution in the k space and evolution of I;p(¢) to
a monoexponential dependence with 7 &~ t;p = 170 ps after
Ak, /2 decreases to ~0.5 um ™.

V. ESTIMATION OF DISORDER POTENTIAL

The disorder potential §Ey p in the MC regions is estimated
from comparison of measured temporal evolution of Iy p(k)
with dependences calculated using the linear one-dimensional
Schrodinger equation with a random potential. We model
the polariton potential landscape by a random function U (x;)
defined on the mesh with step 0.5 um and characterized by
dispersion 8Erp = (U — (U))*)'/?. The example of random
potential is shown in Fig. 5. The interparticle interaction is
neglected as no marked dependence of the LP dynamics on
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FIG. 4. Experimental ratios o, (k,, ) att < 50 ps extracted from
the dependences I p(k,, t) for MC regions A and C (a and b, respec-
tively) recorded under pumping by light with k, > 0. The dashed
lines show extrapolation of the dependences with formula (1).

the excitation density was observed at LP densities up to
7 x 10'° cm~2. The initial LP distributions in the real and
reciprocal spaces corresponding to those in the experiment are
formed under the action of the broadband in the frequency
and wave vector excitation pulse in the 100-um spot. The
spectrally limited Gaussian random spectrum corresponds to
the spatiotemporal correlation of 1.5 um and 1.5 ps. The pulse
aperture and LP lifetime 7 p = 170 ps are taken from the
experiment. The dynamics of the LP fluid is calculated for a
large number of random realizations of the exciting pulse with
subsequent averaging of the intensity characteristics.
Comparison of I p(k,) measured in MC region A (solid
lines) with the calculated ones (dotted lines) for several delay
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FIG. 5. Example of random potential with §E;p = 0.2 meV and
(U) = 0 used in the calculations.
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FIG. 6. Comparison of I p(k,) measured in MC region A (solid
lines) with calculated ones (dotted lines) for several delay times with
(SELP = 0.2 meV.

times with a single adjustable parameter, § Ey p, is presented in
Fig. 6. The calculated dependences reproduce well both the
fast narrowing of /(k,) in the first 100 ps and the quasista-
bilization of the k distribution of LPs at large delay times.
A noticeable difference is observed only in the range |k| >
1.4 um~" at large ¢ > 600 ps where the calculations predict a
much faster decrease in /(k, ) with increasing k.

To find the reason for this difference we compared the
modeled and measured quasistabilized distributions of I p (k)
att = 0.9 ns for MC regions with different disorder potentials.
The calculated dependences Iy p(k,) are shown in Fig. 7 by
dotted lines along with those measured in three MC regions
(solid lines). Figure 7 shows that the experimental depen-
dences I p(k,) in MC region C with potential disorder close
to the average one in the MC are well described in a wide
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FIG. 7. Comparison of measured quasistabilized dependences
L p(k,) (solid lines) at t = 0.9 ns with calculated ones (dotted lines)
in three MC regions with different disorder potentials.

range of |k,| up to 1.6um~" at §E;p = 0.32 meV whereas
the deviation of the experimental dependence Ip(k,) from
the calculated one in MC region B with smallest disorder
8ELp = 0.15 meV begins already at k| ~ 1 um~!. Note also
the small difference in the fraction of LPs with k > 1.4 um~!
in the MC regions with high and low disorder in measured
I p(k,). These facts indicate that the deviation of the measured
dependences from the calculated ones can be well explained
by the nonhomogeneity of the potential disorder in the MC.
Indeed, the lateral size of the investigated 100-um regions
with small disorder is much smaller than the mean free pass of
LPs with k > 1 um~!. As a result, the dynamics of LPs with
large k in MC regions A and B is determined mainly by their
scattering outside the excited spot with greater disorder.

Thus, despite the obvious simplified one-dimensional
approximation in the calculations compared with the two-
dimensional picture in the experiment, the calculated de-
pendences I p(k,, t) reproduce all the main features of the
measured polariton dynamics such as the fast narrowing of the
k distribution of the photoexcited LPs after the end of the exci-
tation pulse, the well-pronounced slowdown of this process at
t 2 100 ps, and the very slow variation (“quasistabilization”)
of n p(k) at delay times ¢ = 200 ps.

VI. COHERENCE EXPANSION IN THE DENSE
NONCOHERENT LP FLUID

The formation of a condensate state in a free LP system
still remains one of the open questions. The incoherent LP
fluid photoexcited in our experiment has a density of np ~
7 x 10'° cm~2, which exceeds the LP condensation threshold
at 2 K by more than three orders of magnitude and is very
far from thermal equilibrium. The particle condensation in a
nonequilibrium gas is determined by three processes with dif-
ferent time scales [57,58]. The first is gas cooling, leading to
an increase in the fraction of particles in the so-called coherent
region where the kinetic energy of a particle is of the order of
its interaction energy with other particles. The second is the
smoothing of the density fluctuations, leading to the formation
of quasicondensate. Finally, the third is the smoothing of the
phase fluctuations, meaning the onset of a “true condensate.”
The quasicondensate amplitude fluctuations are suppressed
during the time t; ~ i/Ejy.

Figure 8 shows that nyp(Eyi,) in the generated fluid de-
creases nearly exponentially over a wide range of Eyj, <
1.2 meV without any noticeable peak near the band bottom
characteristic of the condensed phase, despite the fact that
this density exceeds the critical density for Bose-Einstein
condensation by more than three orders of magnitude. The
dependence of the ratio npp(Exin)/nLp(Ekin = 0) is close to
the Boltzmann one with an effective temperature of 4.4 K,
which proves that the generated LP fluid, despite the pres-
ence of a significant fraction of polaritons near the LP band
bottom, does not contain a noticeable condensate fraction at
k = 0. At the same time, it should be noted that, owing to
the very high density of LPs, Ej, is much greater than in
a thermal Boltzmann gas. In particular, Ei, = 30 ueV for
nip =7 x 10!° cm™? and the percentage of particles with
Exin < 30 eV is about 7%.
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FIG. 8. Energy distribution of LPs in the LP fluid generated at
W, = 6 nJ/pulse.

The cooling of the excited LP fluid is determined by the LP
relaxation into the low-energy region due to the processes of
scattering and/or escape of high-energy LPs outward. As was
established in Sec. III, the cooling rates of the LP fluids with
np =0)=7x 10" cm~2 and 7 x 10° cm~2 at 2 K are the
same. The predominant cooling mechanism is the runaway
of the high-energy LPs beyond the excited spot. The cooling
rate slows down as ¢ increases. After the fluid expands at
t =~ 100 ps up to the size of the order of the mean free path
of LPs, the decrease in (Eyi,) over the next 300 ps does not
exceed 12%.

We have studied the time dependences of the first-order
spatial coherence function g'"(Ax, t) by measuring the inter-
ference of light emitted from different points of the sample.
We have found that the interference patterns of the LP emis-
sion measured from two spots with a diameter of 1.5 um
separated by Ax < 18.5 um in the regions with different
potential disorder show the greatest visibility of interference
fringes in region B with the smallest disorder.

Figure 9 shows a streak camera image of the temporal
behavior of the interference pattern of the LP emission in
region B from two points separated by Ax = 5.5 ym at W, =
6 nJ/pulse. The horizontal axis corresponds to the angle of
emission passing through the pinholes, relative to the sample
normal. It can be seen that the visibility of the interference
fringes in the double-slit experiment is very small during the
excitation pulse (# < 10 ps),then increases monotonically at
t < 160 ps, which indicates a gradual increase in the spatial
coherence of the LP fluid, and afterwards changes very slowly.
Supplemental Material [53] contains sets of dependences of
the emission intensity at several ¢+ < 270 ps in the central
strip of the interference pattern along the x axis, normalized
to the total intensity from two pinholes (I{™ + ™), for three
distances between their centers Ax = 5.5, 8.5, and 15.5 ym.

The first-order spatial correlation functions g’ (Ax) in the
exciting pulse and in the LP fluid with nip(t =0) =7 x
10'% cm~? at different delay times over the range ¢ < 270 ps,
determined from the measured interferogram, are presented

Ax =5.5 um

-4 2

0
Angle (deg)

FIG. 9. Time dependence of the interferogram of the LP emis-
sion measured in the time-resolved double-slit Young experiment in
region B at Ax = 5.5 um and W, = 6 nJ/pulse.

in Fig. 10, along with the functions g!"*(Ax) calculated for
a classical incoherent gas with npp(k) that is equal to one
measured at the corresponding delay times. g*(Ax) are cal-
culated from the measured dependences npp(k) [29] as

g () =) nip(k)exp(ikr) / > nmek). ()
k k

t (ps)
160

100
270

First-order spatial coherence function

Wy :

g . .

e t(ps) —» '..10 "‘40 . 160
e S
0 5 10 15 20

Ax (nm)

FIG. 10. Comparison of experimental dependences g"’(Ax) in
the LP fluid generated in region B by pulses with W, = 6 nJ/pulse at
several + < 270 ps (lines with symbols) with dependences g!*(Ax)
calculated for a classical noninteracting gas with measured depen-
dences npp(k,) (red dashed lines). The dashed line with crosses
represents the measured dependence g}, (Ax) in the excited laser
spot.
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FIG. 11. Time dependencies of L, determined from gV and L}
determined from g!"* at W, = 6 and 2 nJ/pulse.

In a homogeneous system of LPs with isotropic k distribu-
tion,

g ) = f oom(k)fo(kx)kdk / / ooan(k)kdk )
1/L 1/L

where Jj is the zeroth-order Bessel function and L is the lateral
size.

The correlation function g;{l)mp(Ax) in Fig. 10 shows that
the coherence length in the pump laser beam after pass-
ing through a long 8-shaped waveguide decreases to 2.0
0.2 wm. However, g}~ does not tend to zero for large Ax.
It remains close to 0.02 over a wide range up to 19 um,
indicating that the pulse retains a small, about 2%, coherent
component.

Figure 10 shows that the experimental dependence gV at
t =10 ps and the dependence g("* calculated for an inco-
herent gas using Eq. (3) and nyp(k,) for r = 10 ps are very
close to each other at Ax < 3 um. Time dependences of L.
determined from g and L} determined from g!"* at W, = 6
and 2 nJ/pulse are shown in Fig. 11. It is seen that L. and
L} at t =10 ps are equal to 2.7+£0.2 and 2.5+ 0.2 pm,
respectively. These values slightly exceed L, = 2.0 um in the
exciting pulse, which is apparently caused by a decrease in the
efficiency of the LP excitation at large k due to an increase in
the exciton component. The noticeable discrepancy between
gV and g"* at large Ax is due to the presence of a small co-
herent fraction inherited from the exciting beam. Indeed, the
dependence g’ (Ax) after subtracting the 2.8% contribution
of the coherent fraction coincides with g("*(Ax).

We emphasize that the coherence fraction in the LP fluid,
inherited from the exciting pulse, is not a condensate at the
LP band bottom: it, as in the exciting light beam, includes
all k states, and not just states from the coherent region
with Eyi, < Eiy. As already discussed above, nyp(Eyi,) att =
10 ps decreases nearly exponentially without any noticeable
peak near the band bottom, which would be characteristic
of the condensate at k &~ 0. Note also that this conclusion

is confirmed by our measurements of g’ in the fluids reso-
nantly excited above Ep(k = 0) in the range of wave vectors
03 < k] <2 ptm’1 (Exin > 70 ueV = 2E;,), which showed
that the percentage of the coherent fraction in this fluid
also remains close to 2.5%. Thus, the fluid under study
is very close to the classical highly nonequilibrium inco-
herent gas with a small (7%) fraction of polaritons in the
coherent region.

The dependencies of coherence lengths L.(¢) and L}(z),
determined, respectively, from measured g'"’(Ax, ¢) and cal-
culated g'"* at W, = 6 and 2 nJ/pulse are shown in Fig. 11.
L(t) at these W, coincide due to the equivalence, within the
measurement error, of the measured nyp(k, t). At the same
time, Fig. 11 shows that (i) the measured L, grow at small
t noticeably faster than L} and (ii) L. at W, = 6 nJ/pulse is
markedly greater than at 2 nJ/pulse. The faster growth of L.
can naturally be explained by the effect of smoothing fluc-
tuations in the fluid density owing to the LP-LP interaction.
That means that the influence of the LP-LP interaction in the
presence of the disorder manifests itself in the formation of
spatial coherence of LPs at markedly smaller LP densities than
in their redistribution in the reciprocal space.

The maximum values of L. at W, =2 and 6 nJ/ps are
achieved at # =~ 100 and 160 ps, respectively. They exceed the
L calculated for an incoherent gas at the corresponding ¢ by
0.6 and 1.7 um, respectively. For longer delay times L. de-
creases slowly and approaches L. The decrease in L, during
100 ps is about 3%. The long decoherence time in LP systems
is associated with the inefficiency of the acoustic-phonon
assisted scattering of photonlike LPs at helium tempera-
tures and has already been discussed in a number of studies
[32,46,59-61].

It is of interest to follow the dynamics of the coherence
fraction inherited from the exciting pulse in the fluid with
np(t = 0) ~ 7 x 10'° cm™2. At¢ = 10 ps this fraction deter-
mines a nearly constant g’ = 0.028 in the entire range 11 <
Ax < 18.5 wm. If the stimulated scattering in this fraction
played a dominant role in the formation of spatial coherence
in the fluid, one would expect the same rate of increase in gV
throughout this region. However, Fig. 10 shows that the rate
of its growth with ¢ quickly decreases with increasing Ax.
Thus, g(r = 40 ps) at Ax = 18.5 um increases by 0.005,
while at Ax = 11.5 wm it increases six times more, by 0.03,
and a comparison of g!"’(Ax) and g(V*(Ax) shows that only
half of this increase may be attributed to the effect of the fluid
cooling. Therefore, we can conclude that the presence of a
small coherent component inherited from the exciting pulse
has virtually no effect on the formation of spatial coherence
in the fluid under study.

Finally, we note that the influence of an LP-LP inter-
action on the formation of long-range spatial coherence in
the LP fluid at large Ax can be assessed from a compar-
ison of the measured dependences g (Ax) with g"*(Ax)
calculated for a classical incoherent gas with measured de-
pendences nyp(k,). Figure 10 shows that gVt = 160 ps) at
Ax > 15.5 um is approximately seven times greater than g("*.
Consequently, the development of long-range coherence in the
fluid at these Ax is determined by the LP-LP interaction. The
growth rate of g!'(Ax = 15.5 um) does not exceed 1 ns~!,
whereas an expected smoothing rate of density and phase fluc-
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tuations in a classical Bose gas with a similar Ej,; =~ 30 yeV
in the absence of disorder is of the order Ein /7 &~ 10 ns~!. An
increase in 7y in LP fluids in the disordered potential is well
expected because of a weakening of interaction of particles
separated by potential barriers in the random potential.

Thus, the experiment shows that the influence of the LP-LP
interaction in the presence of the disorder manifests itself in
the formation of the spatial coherence of LPs at markedly
smaller LP densities than in their redistribution in recipro-
cal space. The presented linear theoretical model describes
the temporal evolution of the polariton’s spectral character-
istics in the LP fluids with Ej,, smaller than 0.26 Ep, but the
theoretical description of coherence formation is far beyond
its capabilities. The presented experimental observations of
the disorder-interaction interplay require further theoretical
studies.

VII. CONCLUSION

We have studied the time evolution of a nonequilibrium
incoherent really free LP fluid resonantly excited in a high-Q
planar 24 GaAs/AlAs MC containing 12 InGaAs quantum
wells. The fluid was resonantly excited in a 100-um spot with
nearly top-hat intensity profile at 2 K in a wide range of 2|k| <
2.5 um™~! with an average LP kinetic energy (Eyi,) = 0.4 meV
using incoherent converging picosecond optical pulses. The
LP decay time of 7 p &~ 170 ps made it possible to study the
LP dynamics during 1.5 ns.

It is found that the k distribution of LPs in the excited
spot narrows rapidly after termination of the excitation pulse.
This narrowing is caused by the runaway of the high-energy
LPs beyond the excited region. It continues until the fluid
expands to a size on the order of the LP mean free path,
which gradually decreases with increasing potential disorder.
Afterwards, the k distribution stabilizes, even though it is still
far from thermal equilibrium. Moreover, the time dependence
of nrp(ky,t) is independent of the excitation density up to
nip(t = 0) ~ 7 x 10'° cm~2 and is well described in terms of
the linear Schrédinger equations, taking into account only the
random disorder potential and finite lifetime. We stress that
this npp exceeds the Bose-Einstein condensation threshold
at 2 K by more than three orders of magnitude. The weak
influence of the interparticle interaction is explained by the
smallness of Ejn/(Exin) in the decaying LP fluid: this ratio in
a fluid with nip = 7 x 10'% cm~2 is equal to approximately
0.06 and gradually decreases with time in the decaying fluid.

Measurements of the time dependences of g’ (Ax) showed
that potential disorder in MCs leads to a slowdown in the
formation of long-range spatial coherence in a cavity LP fluid

compared to that in a classical Bose gas in the absence of the
potential disorder, in which the smoothing time of density and
phase fluctuations is determined only by Ej,. The dynamics of
the distribution of polaritons in k space and the time evolution
of g(Ax) were independently measured in order to identify
the reason for the slowdown in the formation of a polariton
condensate. Based on a comparison of the measured depen-
dences g (Ax) and the dependences g'"*(Ax) calculated for
a classical incoherent gas with the measured dependences
nip(ky), we determined the contributions to g due to the
cooling of the polariton system (a decrease in (Eyj,)) and
due to the smoothing of density and phase fluctuations due
to interparticle interaction.

As expected, the contribution of interparticle interaction in
g" is found to be insignificant as long as Ej, < 8Eip, but
it becomes pronounced already at Ej,; =~ 0.26 ELp, when its
influence on the k distribution of LPs remains insignificant.
In particular, L. at t = 160 ps in a dense fluid with nyp(t =
0) =7 x 10'° cm™? in the region with §E;p = 0.15 meV
exceeds L calculated for a classical incoherent gas with the
same npp(k) by 1.5 times (5.3 and 3.6 um, respectively).
The presented linear theoretical model well describes the LP
dynamics in the k space for Ei, < 0.28ELp, but the theoreti-
cal description of coherence formation in this range goes far
beyond its capabilities.

The presented results are important for understanding the
formation of long-range coherence both in purely polariton
systems in MCs, and in other gases of Bose quasiparticles in
low-dimensional structures with potential disorder. They can
be useful in the practical use of cavity polaritons in quantum
devices, since the potential disorder is always present in semi-
conductor MCs due to fluctuations in the width of quantum
wells in the active region, and disorder parameters can vary
significantly in the sample plane. A deep understanding of the
influence of disorder on the spectra and dynamics of polari-
tons is especially necessary in the case of high-Q MCs, when
quasilocalized LP levels become spectrally resolved and the
inhomogeneously broadened LP level breaks up into a set of
narrow sublevels controlled by the local structure of potential
disorder. High rates of condensate formation in such systems
in the case of excitation below the inflection point can only be
achieved when Ej is greater than §E p.
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